Abstract: Calcium phosphate glasses and glass-ceramics with some limited compositions show bioactivity. The glasses could be prepared by including a small amount of TiO 2 and/or Na 2 O: the typical compositions were 60CaO-30P 2 O 5 -xTiO 2 -(10-x)Na 2 O in mol%. The glasses include orthophosphate and pyrophosphate groups. Hydroxyapatite (HA) forming ability in a simulated body fluid (SBF) is often examined to know the chemical properties of materials for biomedical applications. On the 60CaO-30P 2 O 5 -xTiO 2 -(10-x)Na 2 O glasses, HA formed within 7-10 days. In the case of the glasses, the HA-forming ability is suggested to be influenced by various factors such as the basicity of a gel layer formed on them in SBF and the amount of the functional groups for HA nucleation in the layer. Modification of the glass composition, which MgO was substituted to CaO, improved the glassification tendency of the glasses due to the high field strength of Mg
INTRODUCTION
Since glass-based materials can be allowed some latitude in choice of the compositions, they have a significant advantage in that they are controllable to improve their chemical/physical properties and microstructures after their crystallization for attaining sufficient performances as biomaterials.
Almost all of bioactive glasses and glass-ceramics have been developed in the silicate-based system. 1 On the other hand, although calcium phosphate glass-based materials have high potential for biomedical use, judging from their chemical composition close to that of hard tissues, it is not easy to prepare bioactive phosphate-based ones. There have been many reports on dissolution behaviors in living body of calcium phosphate glasses around the metaphosphate composition 2, 3 but almost no reports on their bioactivity. When the metaphosphate glass (50CaO-50P 2 O 5 in mol%) with long chain structure dissolves in body fluid, the resulting phosphate groups are believed to adsorb on the glass surface as the pyrophosphate group. As a result, its surface may be acidified to suppress new bone formation around it.
On the other hand, it has been reported that calcium metaphosphate glass showed no toxicity from in-vivo experiments, i.e., intraperitoneal injection of the glass powders into mice. 4 That is, calcium phosphate-based glasses and glass-ceramics have high potential in use as biomaterials.
It was anticipated that new types of glasses, containing large amounts of orthophosphate and/or short chain phosphate structure, might show bioactivity if they could be prepared. It would be necessary to obtain phosphate glasses with composition of high Ca/P ratio for glass-based materials suitable for implantation.
From these backgrounds, we prepared bioactive calcium phosphate glasses in the pyrophosphate region for biomedical use. By controlling their crystallization, high-strength bioactive glass-ceramics could be prepared. The glass-ceramic also could be easily coated on a titanium alloy for load-bearable biomedical applications. In the present review, the preparation of the glasses and the evaluation on their bioactivity are reviewed briefly.
BIOACTIVE CALCIUM PHOSPHATE INVERT GLASSES

1) Preparation of silica-free phosphate glasses
In some glasses, anionic groups can be connected through a cation, which should be usually a network modifier, to form the glassy state; such glasses are called invert glasses. 5 Phosphate invert glasses containing a large amount of CaO was reported to be prepared. 6, 7 The glasses include large amounts of PO 4 3-(orthophosphate) and P 2 O 7 4-(pyrophosphate) ions and the phosphate groups are connected through Ca 2+ ions.
It is very difficult to prepare binary calcium phosphate glasses with CaO/P 2 O 5 > 60/40 (in mol ratio) using a conventional melt-quenching technique. Calcium phosphate invert glasses in the pyrophosphate region were obtained by addition of TiO 2 . One of the typical compositions is 60CaO-30P 2 O 5 -10TiO 2 in molar percentage. The glass-forming ability and chemical durability of phosphate glasses were reported to be improved by TiO 2 addition. 8 However, the glasses have a strong tendency to devitrification, and therefore their melts at high temperature (~1300 o C) should be poured onto a stainless-steel plate and quickly pressed by an iron plate to prepare their clear glasses. 31 P magic angle spinning nuclear magnetic resonance (MAS-NMR) spectra and laser Raman spectra showed that x CaO-(90 -x)P 2 O 5 -10TiO 2 glasses of x ≥55 mol% have no long chain phosphate structure and they are invert glasses with pyrophosphate and orthophosphate groups.
2) Evaluation of apatite-forming ability of calcium phosphate invert glasses in simulated body fluid
Various bioactive materials such as hydroxyapatite (HA), Bioglass® and Cerabone A-W®, except some of ones such as -tricalcium phosphate (-TCP), make bond to living bone through a calcium phosphate layer formed on their surface in living body. 9 The layer forms on their surface in an acelluar and protein-free simulated body fluid (SBF) at pH 7.4 with ion concentrations nearly equal to those of human blood plasma. The calcium phosphate phase, which is similar to a calcium-deficient apatite crystal that forms in living body (usually called -bone-like apatite), forms on their surfaces. 10, 11 This phenomenon is known as the biomimetic formation of HA and the forming ability of new materials is often examined to obtain information on their chemical properties in development of biomaterials.
Some improved SBFs were suggested and the round robin tests of them for the measurements of apatite-forming ability were performed by some institutions. As a result, it was shown that a conventional SBF, proposed by Kokubo 12 , well-reproduces HA formation on materials. 13 Therefore, recently the SBF is often used for the examination, as well as a conventional Hank's solution, which also reproduces HA formation. Their compositions are shown in Table 1 . o C, a layer of 5-μm thickness consisting of leaf-like particles formed on the whole surface, as shown in Fig. 1 (x = 60) .
14 Thin-film x-ray diffraction (TF-XRD) peaks of HA appeared, and the depositions were found using Fourier transform infrared reflection spectroscopy (FT-IRRS), to contain carbonate ions. The Ca/P ratio of the HA were measured to be ~1.5 in atomic ratio, including a small amount of magnesium, by scanning electron microscopy (SEM) incorporating an x-ray energy dispersive spectrometer (EDS). 15 That is, the depositions are bone-like apatite crystals.
On the other hand, no apatite formation occurred on the 55CaO-35P 2 O 5 -10TiO 2 and 50CaO-40P 2 O 5 -10TiO 2 glasses (Fig. 1 (x = 55, 50) ) even after 30 days of soaking. 15 Cross-sectional SEM observation showed that, after soaking the 60CaO-30P 2 O 5 -10TiO 2 glass, there exists an intermediate zone of 0.5-2 μm thickness between the glass and the HA layer.
14 Dissolution behavior of the calcium phosphate glasses in SBF at 37 o C was examined using the glass particles of 45-150 μm in diameter. After soaking the 60CaO-30P 2 O 5 -10TiO 2 glass for 10 days, the concentrations of Ca 2+ and phosphate ions were measured by inductively coupled plasma atomic emission spectroscopy (ICP-AES), to be ~3 and 1 mM, respectively, which were an order of magnitude less than those (~70 and ~20 mM) after soaking the 50CaO-50P 2 O 5 (metaphosphate) glass, on which no HA forms. 15 The concentration of Ti 4+ ions in SBF was below the analytical limit of <1 μM. After 10 days of soaking, the pH values of SBF, in which the invert and metaphosphate glass powders were soaked, were measured to be 7.4 and 6.2, respectively. Since the dissolution of phosphate ions from the invert glass is suppressed significantly, no local reduction of the pH of SBF around the glass will occur and therefore bonelike apatite formation is allowed to occur.
Calcium and phosphate ions dissolved from the invert glass would be adsorbed on their surface and subsequently form a thin gel layer on its surface. The intermediate zone between the glass and the HA phase is believed to be the new gel layer formed prior to the HA deposition in SBF.
The HA-forming ability can be improved by addition of Na 2 O and reduction of TiO 2 amount for controlling chemical properties of the glass. When the 60CaO-30P 2 O 5 -3TiO 2 -7Na 2 O glass was soaked in SBF, the apatite formation started to occur within several days and its surface was completely coated after 7 days. This may originate from the enhanced formation of the gel layer.
Bioactive materials often form a hydrated gel layer including chemical species for HA nucleation on the surface prior to the formation, where the layer thickness will depend on materials. Si-OH, Ti-OH, Ta-OH, Zr-OH, Nb-OH, -COOH and PO 4 H 2 16 groups have been also reported to be able to induce HA formation.
The gel layer that forms on the phosphate invert glass surface may play an important role in the HA formation in SBF. The layer, including hydrated titania and phosphate groups, is supposed to provide nucleation sites of HA. 60CaO-30P 2 O 5 -10TiO 2 23 As the atomic numbers of the metals increase, their field strengths decrease. This causes attributes to the increase in the angle of P-O-P bonds in PO 4 tetrahedra. The Raman peaks red-shifted with the increase in O-P . On the other hand, the glass showed lower chemical durability due to a large amount of orthophosphate group. Divalent ions in the phosphate invert glasses play an important role in their glassification and ion-releasing.
These would be important findings/knowledges for developing new types of glasses with the function of gene activation 25 due to inorganic ions.
BIOACTIVE CALCIUM PHOSPHATE GLASS-CERAMICS
1) Preparation of the glass-ceramics by a powder-sintering method
High-strength calcium phosphate glass-ceramics can be prepared by heating compacts of the phosphate invert glass powders. 17 Sintering ability of the calcium pyrophosphate invert glass powders is improved by addition of Na 2 O into the glass composition. 27 The 60CaO-30P 2 O 5 -3TiO 2 -7Na 2 O glass powders below 10 μm were isostatically pressed at a pressure of 100 MPa and subsequently the powder-compact was heated at 850 o C in air. Dense glass-ceramics, containing crystalline phases with bioactivity such as β-Ca 3 (PO 4 ) 2 (TCP) and β-Ca 2 P 2 O 7 (CPP), with relative densities of ≥93 % were prepared.
The fracture toughness, K IC , of the 60CaO-30P 2 O 5 -3TiO 2 -7Na 2 O glass-ceramic was estimated to be ~1.8 MPa•m 0.5 . 28 This value is higher in comparison with that of β-TCP or HA. 29 The bending strength of the glass-ceramic was estimated to be ~100 MPa. When the glass-ceramic was densified to the relative density of ~99 % using a hot-pressing method, the bending strength increased by ~160 MPa, which is close to that of human cortical bone. 30 Residual pores in the glass-ceramic were drastically reduced both in number and in size.
When the powder-compact of 60CaO-30P 2 O 5 -3TiO 2 -7Na 2 O glass is heated, calcium phosphate crystals are precipitated at ~650 o C, and the partial melting of the crystalline phases occurs at ~780 o C. The partial melting is suggested to originate from the reaction of the crystalline phases with residual glassy phase. The large shrinkage of the powder-compact due to sintering occurs at 800-850 o C. The sintering is predominantly controlled by viscous flow of the melt formed by the partial melting. 31 An SEM micrograph of the polished face of the 60CaO-30P 2 O 5 -3TiO 2 -7Na 2 O glass-ceramic, shown in Fig. 2 , makes it clear due to different atomic number contrast of the precipitated phases that there exist bright portion and dark portion. EDS analysis showed that the estimated compositions of the bright and dark portions are Ca:P:Na:Ti = 46:42:10:2 and = 4:46:13:37 in cationic percentage, respectively. The bright portion consists predominantly of calcium phosphate crystals, and the dark one is a glassy phase containing a large amount of titanium with sodium and a small amount of calcium, since it is not measured by XRD analysis. Transmission electron microscopy (TEM) showed that nanometer-sized glassy particles are also embedded in the calcium phosphate phase.
2) Enhancement of apatite-forming ability on calcium phosphate glass-ceramics
The glassy phase in nanometerto micrometer-sizes in the glass-ceramic plays an important role in HA-forming ability in SBF.
HA formed on the 60CaO-30P 2 O 5 -3TiO 2 -7Na 2 O glass-ceramic after soaking in SBF for 2 weeks. ICP-AES analysis showed that the amounts of ions dissolved into distilled water (DW) of 100 mL at 37 o C from 1 g of the granular glass-ceramics (0.3-1.0 mm diameter) were significantly small and were determined to be <0.1 mequiv/g. In general, chemical durability of phosphate glasses is improved by introducing TiO 2 . 8 Since titaniums in the 60CaO-30P 2 O 5 -3TiO 2 -7Na 2 O glass-ceramic are much included in the glassy phase, the ions dissolved from the glass-ceramic are suggested to be controlled. Especially, phosphate ion is significantly controlled; almost no change in pH around the glass-ceramic occurs. Furthermore, TiO 2 in the glassy phase may play an important role in the HA formation.
A hydrothermal process is one of the promising methods for introducing the sufficient hydrated functional groups as inducers for HA formation around the glass-ceramic surface. The apatite-forming ability was drastically enhanced after a hydrothermal treatment in DW at 120-160 o C. 32, 33 HA formation on the 60CaO-30P 2 O 5 -3TiO 2 -7Na 2 O glass-ceramic did not occur within 10 days. On the other hand, on the glass-ceramic autoclaved at 140 o C for 1 h in DW, some small-sized depositions started to form after 3 days of soaking. After 7 days, numerous bonelike apatite particles formed; almost the entire surface was completely covered with HA.
X-ray photoelectron spectroscopic (XPS) analysis showed significant information for changes in the surface of the glass-ceramics before and after autoclaving. There were no significant changes in the spectra such as Ca 2p and P 2p . The peak intensity of Na 1s spectrum decreased drastically after the autoclaving; a large amount of Na + ion in the glassy phase around the surface dissolves into DW during autoclaving. In the Ti 2p spectrum before autoclaving, the peaks were observed at 459.6 eV and 465.5 eV, corresponding to those observed in an XPS spectrum of the mother glass; titanium ion is included in the glassy matrix phase in the glass-ceramic. After autoclaving, the Ti 2p peaks at 459.6 eV and 465.5 eV disappeared and the peaks newly appeared at 458.5 eV and 464.2 eV, which are close to those from a Ti-O bonding in TiO 2 crystal. The changes in the peak positions are suggested to originate from bondings around titanium ions in the glassy phase being broken with accompanying dissolution of the phase to form a new Ti-O bonding at the surface during autoclaving. Laser Raman spectra of the glass-ceramic surface showed that a new peak at ~145 cm -1 due to TiO 2 crystal (anatase phase) appeared.
There were no significant differences in XRD patterns between before and after autoclaving. SEM observation showed that the glassy phase in the glass-ceramic decreases slightly in amount after autoclaving. SEM-EDS analysis showed that the composition of the autoclaved glass-ceramic surface was estimated to be Ca:P:Na:Ti = 52:43:3:2 (cationic percentage). In comparison with the nominal composition (Ca:P:Na:Ti = 44:44:10:2) of the glass-ceramic, the calcium amount is larger, and the sodium and phosphorus amounts are slightly smaller; there is almost no change in the titanium amount. This result implies that the glassy phase around the surface dissolves during autoclaving; sodium, calcium and phosphorus ions dissolve. The initial pH value of water used for autoclaving was measured to be ~6.0, and, after the treatment, the final value was shown to be ~6.8. Almost no titanium ions dissolve into water at pH 6-7. Bonding around titanium ions in the glassy phases is broken to form an anatase phase at the surface during autoclaving, and Ti-OH group forms on anatase. It was reported that anatase crystal plays an important role in HA formation in SBF. 34 It is suggested that, when the autoclaved sample is soaked in SBF, a large amount of negatively charged Ti-OH group on the anatase crystal around the surface induces HA formation.
β-TCP ceramic has been reported to form no apatite on the surface in SBF. 35 However, β-TCP ceramic after autoclaving in DW at 140 o C showed apatite formation after 10 days of soaking in SBF. This result implies that the apatite formation is strongly influenced also by chemical change in the calcium phosphate phases around the glass-ceramic surface as well as that in the glassy phase.
3) Bioactivity of calcium phosphate glass-ceramic coating on a β-type titanium alloy Metallic titanium and the alloys are biologically safe and compatible. 36 In particular, β-type titanium alloys are currently attractive metals for biomedical applications because they have high mechanical strength and low modulus of elasticity. 37 Niinomi et al. developed β-type titanium alloys composed of elements sufficiently tolerated by living tissues, such as Nb, Ta and Zr. 38 A Ti-29Nb-13Ta-4.6Zr (denoted by TNTZ, hereafter) alloy, which has been suggested as one of the best materials designed, shows a high tensile strength of ~1 GPa and low Young's modulus of 60-80 GPa.
By heating TNTZ, on which the calcium phosphate invert glass powders are placed, a reaction layer can be successfully developed on the substrate, resulting in the formation of the strong joining with the substrate. 39 TNTZ surface was sandblasted into roughness of ~2 µm. After TNTZ was dipped into the glass-powder slurry, it was drawn up and then it was dried. After the substrate with glass powder layer was placed in an electric furnace, it was heated in air at 800 o C for 1 h and cooled to room temperature in the furnace. Due to sintering of the glass powders, the layer with 10-20 µm thickness formed without serious cracks and defects, which may induce fracture and peeling of the coating layer.
Tensile bonding strength of the sample was estimated using a tensile method that modified ASTM C-663 to be 26 MPa (standard deviation; 5 MPa). 40 This value is significantly higher than that of plasma-sprayed HA coating on titanium (~7 MPa). 41 A cross-sectional SEM micrograph around the joining interface between the substrate and the coating layer showed that there exists a reaction zone of 2-4 µm in thickness between the glass-ceramic layer and the substrate. Linear thermal expansion coefficients of the 60CaO-30P 2 O 5 -3TiO 2 -7Na 2 O glass-ceramic prepared by the heating at 800 o C and TNTZ were of 14×10 -6 and 9×10 -6 deg -1 (100-750 o C), respectively; it is not easy usually to obtain fine joining since their difference is very large. A key requirement to achieving the fine coating is relaxation of stresses generated from difference of thermal expansions between the substrate and the coating layer. It is suggested that a reaction layer can be successfully self-developed on TNTZ by heating in air to relax the thermal stress generated in the coating layer and the substrate, resulting in formation of the strong joining.
HA formation occurred on the glass-ceramic coating surface after soaking in SBF for 10 days. As described in section 3.2, HA-forming ability of the 60CaO-30P 2 O 5 -3TiO 2 -7Na 2 O glass-ceramic in SBF is enhanced by autoclaving in water. The autoclaving may be effective for excellent bioactivity of the coating, in addition to its sterilization.
A rod-shaped sample of 5-mm diameter×10-mm length was prepared to be implanted into the femurs of Japanese rabbits. The sample was autoclaved in water at 121 o C for 1 h. After implantation for 1 month, 1 year or 5 years, the rabbits were sacrificed. Samples were harvested, fixed in formalin solution and then embedded in polyester resin. Bone formation was observed using contact microradiography (CMR). Figure 3 shows CMR micrographs after 1-month, 1-year and 5-year implantations. The observation showed new bone formation around the autoclaved glass-ceramic-coated TNTZ after 4-week implantation and the bone tissue showed direct contact partially with implants. When the samples were sliced and polished for the observation, crack propagation had a tendency to occur between TNTZ (sample without the coating) and bone, while no crack occurred between the coating and bone. This result shows excellent bioactivity of the glass-ceramic coating on TNTZ. 42 After 1-year and 5-year implantations, the glass-ceramic-coating was surrounded by maturated bone tissues and bonded directly with them. Small gaps around the interface between TNTZ and the coating were observed in the "5-year" sample. The gaps are believed to be formed after being sampled. We are now investigating on degradation in mechanical properties of the coating after prolonged implantation, owing to reaction with tissue and/or resorption. However, since the sample was tightly fixed after 5-year implantation, the glass-ceramic-coated TNTZ is expected to work significantly as an implant material.
CONCLUDING REMARKS
Silica-free calcium phosphate glasses containing orthophosphate and pyrophosphate groups are prepared by small amounts of addition of TiO 2 and Na 2 O. High-strength glass-ceramics are also prepared by heating the powder-compacts of the glasses at 850 o C. By evaluating HA-forming ability in SBF, we can obtain information on the chemical properties of the phosphate glasses and glass-ceramics. A 60CaO-30P 2 O 5 -3TiO 2 -7Na 2 O composition is one of the best ones for developing bioactive glasses and glass-ceramics. In the case of these glasses and glass-ceramics, autoclaving is a significantly effective method for enhancing HA-forming ability. The glass-ceramic can be easily coated on a β-type titanium alloy using a conventional glazing technique. Bioactivity of the glass-ceramic-coating has been shown after in vivo test using Japanese rabbits. The high-performance of the glass-ceramics is generated by the optimum combination of the crystalline and glassy phases in the materials.
